T CrB is a symbiotic recurrent nova known to exhibit active phases, characterised by apparent increases in the hot component temperature and the appearance of flickering, i.e. changes in the observed flux on the time-scale of minutes. Historical UV observations have ruled out orbital variability as an explanation for flickering and instead suggest flickering is caused by variable mass transfer. We have analysed optical and X-ray observations to investigate the nature of the flickering as well as the active phases in T CrB. The spectroscopic and photometric observations confirm that the active phases follow two periods of ∼1000d and ∼5000d. Flickering in the X-rays is detected and follows an amplitude-flux relationship similar to that observed in the optical. The flickering is most prominent at harder X-ray energies, suggesting that it originates in the boundary layer between the accretion disc and the white dwarf. The X-ray radiation from the boundary layer is then reprocessed by a thick accretion disc or a nebula into UV radiation. A more detailed understanding of flickering would benefit from long-term simultaneous X-ray and optical monitoring of the phenomena in symbiotic recurrent novae and related systems such as Z And type symbiotic stars.
INTRODUCTION
Cataclysmic variables (CVs) are interacting binaries in which a white dwarf (WD) is accreting matter from a latetype donor. In the classical picture of a CV a Roche lobe filling star transfer mass through an accretion disc to the WD. In some CVs the material accreted onto a WD reaches a pressure and temperature sufficient to trigger a thermonuclear reaction, which gives rise to a classical nova outburst. If more than one outburst is observed, then it is classified as a recurrent nova (RN; see e.g. Warner 2003) . If the donor star is also a red giant (RG), it is classified as a symbiotic recurrent nova (SyRN; see e.g. Anupama & Miko lajewska 1999; Shore et al. 2011) , with the system also belonging to the family of symbiotic stars (SySt; see Miko lajewska 2012 for a recent review).
T CrB is a SyRN with two outbursts recorded to date (Nova CrB 1866 , 1946 . The RG in the system has a spectral E-mail: ilkiewicz@camk.edu.pl type M4III (Mürset & Schmid 1999 ) and fills its Roche Lobe (Belczynski & Mikolajewska 1998) . The masses of the components are MWD = 1.2 ± 0.2M and MRG = 0.8 ± 0.2M (Belczynski & Mikolajewska 1998; Stanishev et al. 2004 ). The average quiescent luminosity of the WD is close to 40 L (Selvelli et al. 1992) . T CrB was discovered as an X-ray source by Cordova et al. (1981) and the X-ray emission has a relatively hard spectrum for a symbiotic star (Luna et al. 2008) .
Occasionally between the nova eruptions, T CrB and other SyRNe (V745 Sco, V3890 Sgr and RS Oph) show enhanced activity of the hot component, manifested by an increase in the emission line fluxes and appearance of a blue continuum. In particular, the He i and He ii emission lines became clearly visible in the spectrum whereas there are very weak or absent during most of the quiescent phase (Iijima 1990) . The line variability is correlated with the changes in the UV continuum and there is no correlation with the orbital period (e.g. Cassatella et al. 1985) . Similar activity was reported in the episodic ap-pearance of the He ii 4686 emission line and a hot continuum in the optical spectrum before the 1946 outburst (e.g. Hachenberg & Wellmann 1939; Minkowski 1943) . The nature of these active phases is yet fully understood.
One of the most mysterious phenomena observed in T CrB is flickering. Flickering is a stochastic variation in the light curve of a star with an amplitude of few tenths of a magnitude on time-scales of seconds or minutes. It is well known that flickering in CVs is associated with accretion onto the WD, but the exact physical process is unknown. One of the first models of flickering included unsteady accretion through a bright spot (Warner & Nather 1971) . The first to conduct a systematic study was Bruch (1992) who estimated theoretical energies and time-scales of flickering. The author considered unstable mass transfer and interaction of matter with the disc edge, dissipation of magnetic loops, turbulence in the accretion disc and unstable accretion in the boundary layer. As a result the most promising model contained unstable mass transfer through a boundary layer and turbulence in the accretion disc (see also Bruch & Duschl 1993) . Different models of flickering include magnetohydrodynamic turbulence transporting the angular momentum outward (Balbus & Hawley 1998) , turbulent transport of angular momentum in the whole disc (Dobrotka et al. 2010) , occasional flare-like events and subsequent avalanche flow in the accretion disk atmospheres (Yonehara et al. 1997) , discrete flares in the accretion disc (Ribeiro & Diaz 2006) , or a more recent model by Scaringi (2014) which is mainly based on a fluctuating accretion disc.
The flickering in T CrB was observed by a number of authors (see Gromadzki et al. 2006 and references therein). The colours of the flickering source in T CrB indicate a temperature of ∼9000 K, which is significantly lower than the average temperature of flickering sources in classical CVs (∼20000 K; Zamanov et al. 2015a) . Flickering in T CrB seems to originate in the vicinity of the WD (Zamanov & Bruch 1998) . The ratio of the amplitude of flickering in T CrB to the average flux remains constant , which according to a model by Bruch & Duschl (1993) , means that the size of the boundary layer remains roughly constant. This is not necessarily the case in all CVs (Fritz & Bruch 1998) . Flickering was also observed in the X-ray observations of T CrB (Luna et al. 2008) and in the emission lines (Zamanov et al. 2005) .
In this paper we analyse optical and X-ray observations of T CrB in order to shed light on the nature of active phases and flickering observed in this system. The collected observations are presented in section 2. In section 3.1 we present results concerning the active phases of T CrB. Section 3.2 is dedicated to the optical and X-ray observations of flickering in the system. A brief discussion about the nature of the observed phenomena is presented in section 4 and a summary of the results is given in section 5.
OBSERVATIONS

Spectroscopy
Spectroscopic observations were obtained from the Astronomical Ring for Access to Spectroscopy database 1 (ARAS). A log of observations is presented in Table A1 . The data include mainly low resolution spectra covering a wide spectral range. Basic spectrophotometric calibration of these spectra was obtained by using a standard star spectrum. This procedure was suitable for obtaining the spectral energy distribution (SED). However, absolute flux calibration could not be obtained this way due to light losses on the slit, variable weather conditions and other effects. Therefore, we scaled the spectra using the known V magnitudes (Sect. 2.2). The emission line intensities were measured by Gaussian profile fitting. When a Gaussian did not fit a line, we measured the local continuum level and integrated all of the signal above that level. The main source of uncertainty was the selection of the local continuum level. The uncertainty was estimated by measuring the same emission lines by different people. This procedure resulted in an estimated precision of 15% and 30% in the case of strong and faint lines, respectively. From our analysis we excluded two spectra in the ARAS database. The spectra from 01.04.2012 and 27.04.2015 had unusual SEDs that suggested problems with their flux calibration. The calibrated low resolution spectra, measured equivalent widths and fluxes of emission lines are presented in the Appendix 5 and Fig. 1 .
Photometry
On the nights of 2013 August 3 and 4, we carried out U band observations of the flickering in T CrB with the 60cm Cassegrain telescope at Rozhen National Astronomical Observatory, Bulgaria. The telescope was equipped with a FLI PL09000 CCD camera with 3056x3056 pixels and 27'x27' field of view. Single exposure times of 120 s were used for a total of about 6 hours of observations. Data reduction was carried out using standard IRAF procedures.
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The typical error of each observation was 0.006 mag. A summary of the observations is presented in Table 1 . The light curves of the flickering are presented in Fig. 2 .
In order to analyse the long term variability we adapted photometry from publicly available catalogues. Namely we used BV R observations from the American Association of Variable Star Observers (AAVSO) database 3 and V observations from The All Sky Automated Survey (ASAS, Pojmanski 1997). The typical error of observations in the ASAS and AAVSO data are 0.03 mag and 0.05 mag, respectively. The light curve is presented in Fig. 3 . We searched for periodicities in the data using the discrete Fourier transform method of the P eriod04 program (Lenz & Breger 2005) . For estimating the errors we used the Montgomery & Odonoghue (1999) method. The analysis of the AAVSO B data gave the highest signal at the period of 114d, i.e. half of the orbital period, associated with ellipsoidal variability of the system. Besides that the highest signal was at 1077±19d. In the case of the AAVSO V data the ∼1077d variability seems to be only marginally detected. In V RI observations there is an additional signal present at P=87d and P=164d, both of which are one year aliases of the orbital period (Fig. 4) . We did not detect the ∼55d variability discovered by Lines et al. (1988) that the authors attributed to pulsations of the red giant. The reality of the ∼55d variability was already discussed by Belczynski & Mikolajewska (1998) and the authors concluded that it was unlikely to be caused by red giant pulsations.
Detection of flickering
In order to detect flickering one must compare the measured scatter of the observations with expected uncertainty from CCD photometry. Usually this is done by using multiple observations to derive the parameters of the CCD camera (see e.g. Sokoloski et al. 2001; Gromadzki et al. 2006 ). This method was not useful for our purposes since we did not have a sufficient number of observations collected with the same instrumental setup. Another method is constructing a magnitude-standard deviation diagram for a large number of stars within the same exposure (see e.g. Dobrzycka et al. 1996) . This method was not fit for our observations since in our T CrB field there were only two comparison stars. Therefore we derive our own method of estimating the expected uncertainty in observations of a star with a given magnitude, that requires only two comparison stars.
The error of an observed flux with a CCD camera is given by the equation
where i denotes the observed star, σCCD,i is a standard uncertainty in CCD aperture photometry, s is the ratio of rms flux variation to the mean flux due to turbulence in the atmosphere (Reiger 1963; Young 1967) and Ni is the number of photons received from the star. The parameter s is a function of air mass, height of the observatory, aperture of the telescope and exposure time. Therefore it should have approximately the same value for every star in the exposure. The uncertainty of the CCD photometry is given by the standard CCD equation (see e.g. Howell 2000)
where n bins is the number of pixels used to estimate the flux of the star, n sky is the number of pixels used to estimate the level of background, NS is the number of photons coming from the background, N 2 R is the number of electrons from the readout noise and ND is the number of electrons from the dark current. We carried out our photometry in such a way that n bins and n sky was the same for every star. Moreover, we assume that N 2 R and ND are equal for every star observed, which is a good approximation for a modern CCD camera. Similarly, we assume that NS is the same for every star observed. We stress that this approximation is valid only for small field of view with negligible vignetting. We can rewrite equation (2) in a simpler form
Equation 1 can now be rewritten as
and rearranged to calculate ξ:
In order to estimate ξ and s 2 we will use two standard stars, therefore we will change the i index to 1 and 2 accordingly. We rewrite the equation (5) for the first and second standard star and compare the right sides of the equations
After some algebra this gives
combining equations (7), (5) and (4), and substituting i in the equation (4) to v, for the variable star, we get
This equation can be used to compare expected uncertainty of flux to the measured one in order to detect flickering. Figure 2 . Observations of flickering in T CrB. 
X-ray observations
Observations of T CrB in the X-ray domain were carried out using the Rossi X-ray Timing Explorer (Bradt et al. 1993 ; RXTE) Proportional Counter Array (Jahoda et al. 1996; PCA) . The PCA consists of five proportional counter units (PCUs). PCU0 and PCU1 are known to have lower quality observations at the end of the RXTE mission, therefore we used data from PCU 2, 3 and 4. Moreover we analyse data only from layer 1 of the PCUs, because the accuracy of background modelling for layers 2 and 3 is much lower. The observations were downloaded from the High-Energy Astrophysics Virtually ENlightened Sky database 4 (HEAVENS; Walter et al. 2010 ). We extracted a light curve with a bin size equal to the exposure time of an individual observation for studying the long-term variability. Also extracted was a light curve with a bin size of 120s that we used for searching for short time variability. The bin size was selected in such a way that the lowest signal to noise ratio in 2-5 keV range at an individual poiting was hihger than 4.
A log of observations is presented in Table 2 . Additionally, we used Swif t observations that were published by Kennea et al. (2009) . The long term variability of T CrB in X-rays compared to the optical observations is presented in Figure 5. Phase plot of RXTE PCA observations. The orbital phase was calculated using the ephemeris from Lines et al. (1988) .
6 I lkiewicz et al. We attempted spectral analysis of the data using XSPEC version 12.9.0. Following the work of Kennea et al. (2009) and Eze (2014) a single-temperature bremsstrahlung emission together with a Gaussian line to account for the Fe Kα fluorescence line subject to full-covering and partialcovering absorption were employed. The obtained fits were very good (reduced χ 2 0.95), but physical parameters from our fit had errors too large for an in-depth analysis. Nonetheless, in order to investigate the spectral evolution of the star we show spectra from two epochs, i.e., the first epoch was set before MJD 54650, in which T CrB showed flares in the soft band (see Fig. 3 ) of the spectrum; the second epoch was set after MJD 54650 where a flare in the hard band (see Fig. 3 ) of the spectrum occurred, while the soft component remained quiet.
The results of the spectral fitting are listed in Table 3 and shown in Fig. 7 , indicating a possible tail of a soft excess in the spectrum at energies below 3 keV. This excess was not detected in previous observations of T CrB (Luna et al. 2008; Kennea et al. 2009; Luna et al. 2013; Eze 2014) . If confirmed, it would change the classification of this system to β/δ type according to Muerset et al. (1997) and extended by Luna et al. (2013) .
RESULTS
Active phases
Photometric variability
The active phases of the hot component in T CrB have been studied for many years (see e.g. Stanishev et al. 2004 and references therein). However, the recurrent time-scale of the active phases is not clear. On the basis of 40 years of visual observations, Leibowitz et al. (1997) estimated that the active phases occur with a period of ∼9840d. However, the observations analysed by Leibowitz et al. (1997) were done by eye and therefore may have been more sensitive to variability of the RG, which dominates the visual spectral range. Moreover, the ∼9840d period was not confirmed by more recent observations, most likely due to the observations covering an insufficient time baseline. Thus, the ∼9840d period remains uncertain.
Observations collected with the International Ultraviolet Explorer (IUE) during 1978-1990 revealed two minima in the UV continuum separated by ∼5000d (Selvelli et al. 1992) . Similarly, the U light curve in 1982-2001 shows two maxima with an amplitude of ∼2 mag separated by ∼5000d ). In addition, variability in the emission line fluxes with a similar period was reported by Anupama (1997) . Therefore, we conclude that the most prominent active phases in T CrB occur with a period of ∼5000d (hereafter 'big active phases').
Additional activity of the hot component was detected with a period of ∼1000d by Zamanov & Zamanova (1997), where the authors observed three brightenings in the U filter with an amplitude of ∼1 mag separated by ∼1000d at MJD 48100, 49100 and 50200. The variability reported by Zamanov & Zamanova (1997) was however during a minimum of the big active phase (see e.g. fig. 4 in Stanishev et al. 2004) . Variability of a similar time-scale was detected in the emission lines (Anupama 1997) . Therefore active phases with a smaller amplitude and a time-scale of ∼1000d are present as well (hereafter 'small active phases'). The small active phases have had been observed only during a minimum of the big active phases (e.g. in the UV continuum in observations presented by Selvelli et al. 1992 or in U photometric observations presented by Stanishev et al. 2004 ). This suggest that both the big and small active phases are connected.
The variability with a period of ∼1000d is also present in our observations ( Fig. 3; Fig 4) . This variability is particularly prominent in B as expected for activity associated with the hot component. The amplitude and the time-scale are consistent with the small active phases.
During most of the period of our observations the magnitude of T CrB, B > ∼ 11, i.e. the system has remained in a minimum of the big active phase (see e.g. fig. 4 in Stanishev et al. 2004) , and only after MJD 57100 did the system begin to brighten. This suggests that our observations in the B filter mainly covered a period of small active phases and ended at the beginning of a rise to the maximum of a big active phase. This rise is corroborated by archival Swift UV photometry that also show T CrB brightening during the same period (see Appendix B).
Emission line variability
The correlation between Hα fluxes and the active phases was discussed by Iijima (1990), Anupama & Prabhu (1991) , Anupama & Miko lajewska (1999) and Stanishev et al. (2004) . The authors reached a conclusion that the line strengths are correlated with the brightness of the hot component. Most notable was the variability of emission lines with a period of 3640d and 906d (Anupama 1997) .
In the past, the most thorough studies of emission line variability concentrated on their equivalent widths (EW) (e.g. Anupama 1997) , while the studies of emission line fluxes were much more sporadic (e.g. Anupama & Miko lajewska 1999) . The downside of using EW is that the continuum can be influenced by hot component variability, especially at short wavelengths (e.g. around He ii 4686). In this study, we pay more attention to the variability of emission line fluxes.
From Fig. 1 and Fig 3 it is clear that the fluxes of all of the measured emission lines are correlated with the photometric observations, which is consistent with the previous studies. The EW of Hα during the first part of our observations was < 15, which points to the minimum of the big active phase (see e.g. Stanishev et al. 2004) . The increase of the emission line fluxes and their EW at the last observations suggest we are approaching the maximum of a big active phase, which was already evident in photometric observations.
The ratio of F(Hα)/F(H β ) changes from ∼ 3 to 13. The reddening free ratio F(Hα)/F(H β ) ∼ 3 − 10 is typical for SySt, and it is due to self-absorption effects (Proga et al. 1996; Mikolajewska et al. 1997 ). In particular, F(Hα)/F(H β ) showed a short maximum around MJD 56750. Simultaneously there was a minimum in both photometric observations and line fluxes. Moreover, the observed increase of the F(Ha)/F(Hb) ratio was during a minimum of the small active phase as well. These changes are most likely due to variable self-absorption and optical depth effects as indicated by the Ha and Hb profiles being heavily affected by an absorption component seen in most SySt (see e.g. Van Winckel et al. 1993 ).
X-ray variability
In the case of X-ray emission the variability in the soft range (2-5 keV) is not correlated with variability in the hard range (10-20 keV; Fig. 8) . Furthermore, the variability in the intermediate range (5-10 keV) seems to be a superposition of the variability in the hard and soft range. This indicates two separate sources of the X-ray variability. In line with this interpretation is the variability in both hard and soft X-rays of T CrB reported by Kennea et al. (2009) . However, their observations in both spectral ranges were not contemporaneous, so they cannot directly confirm our interpretation.
The variability in the soft range is possibly related to changes in the column density of absorbing material or variable partial-covering fraction, as was observed in RT Cru and suggested for T CrB by Kennea et al. (2009) . This kind of variability would be observed in the soft and intermediate ranges, but would not affect the hard part of the spectrum, which is consistent with the X-ray light curve. On the other hand, variability in the hard range would reflect variability of the source of X-ray radiation. The X-ray photons in T CrB are thought to originate in the boundary layer between the accretion disc and the WD (Luna et al. 2008) , so this band may be tracing variable accretion.
It is clear that the X-ray variability is unrelated to the orbital phase (Fig 5) and to UV changes. Most probably the X-ray variability is related to the active phases discovered in the visible bands. Due to the short time coverage of the RXTE observations it is impossible to study the periodicity of the changes in X-rays over the duration of the big and small active phases.
In the RXTE observations there are two maxima in the soft band at MJD 54329 and MJD 54533, followed by a period of relative quiescence (Fig. 3) . The hard part of the spectrum showed a shallow minimum at MJD 54407 between these two maxima of the soft component. Moreover, in the hard band around MJD 54742 there was a minimum followed by a maximum around MJD 54871. In the time during the maximum in the hard band there were no significant changes in the soft band. Generally it seems that the maxima in the soft band are during a quiescence in the hard band and vice versa, but the number of observed maxima is too low for a meaningful conclusion to be drawn. If this hypothesis holds, then this could mean that the variability in both bands is a different phase of the same phenomenon, such as e.g. disc instability or increased mass loss from the RG.
In order to investigate the possible periodicity in the Xray variability we utilised Swift observations from Kennea et al. (2009) . These observations are in the band 14-24 keV and therefore the changes in the count rate are associated with the hard band of RXTE. The count rate during the Swift observations showed similar behaviour as in the RXTE observations around MJD 54800. Namely it showed a period of relative quiescence with 7 × 10 −5 counts/s/detector followed by a short minimum with 5 × 10 −5 counts/s/detector succeeded by an immediate rise to the maximum reaching 12 × 10 −5 counts/s/detector. The similarity of behaviour in the Swift and RXTE observations could point to a periodic or quasi-periodic nature of the variability. The two maxima in the Swift and RXTE observations are separated by ∼1200d. Moreover there is only one maximum in the hard band during the period of 880d covered by RXTE. This hints that the observed variability is associated with small active phases discussed in section 3.1.1. On the other hand, two maxima in the soft band took place around the time of a minimum of small active phases. Therefore the soft and hard X-ray variability could have the same period, but with a phase shift. The whole period covered by Swift and RXTE was during a quiescent state of the big active phases. Zamanov et al. (2004) showed that the amplitude of flickering in T CrB is correlated with the flux of the blue part of the spectrum. A similar relation was discovered in other symbiotic stars -CH Cyg (Mikolajewski et al. 1990 ), MWC 560 (Tomov et al. 1996) and RS Oph (Zamanov et al. 2015b ). Most of the observations used by Zamanov et al. (2004) were obtained during a period of maxima of two big active phases and only two from the quiescent epoch (section 3.1.1) and only two from the time of quiescence (see their fig. 2 ). Therefore, it is clear that the flickering amplitude changes are connected with big active phases, but it is not clear how a small active phase can influence the flickering.
Flickering
Optical observations
Interestingly, the observations reported by Zamanov et al. (2010) Figure 8 . Relation between the count rate in the hard and soft parts of the X-ray spectrum in RXTE observations. from MJD 55316 are from the time of a minimum of the big active phase variability, but the amplitude of the flickering was ∼ 0.4 mag in U , which is larger than the mean amplitude of the flickering reported by Zamanov et al. (2004) observations (∼0.35 mag in U ), but significantly lower than their maximum amplitude (0.6 mag in U ). At these times the system was close to the maximum of a small active phase. Moreover, Zamanov et al. (2015a) reported a flickering with a very low amplitude of 0.17 mag in U at MJD 55603, which was during the minimum of a small active phase. This amplitude is lower than any of the reported by Zamanov et al. (2004) , where the lowest amplitude was 0.22 mag. Similarly, the amplitudes of the flickering of ∼0.3 mag we determined in section 2.2 are also from the time of another quiescent state of a big active phase and is close to the lower values reported by Zamanov et al. (2004) . While the scarcity of the flickering observations during the minimum of big active phases is making the conclusions uncertain, the observations suggest that the small active phases follow the same fluxamplitude of the flickering relation as during the big active phases. This points to the same physical process behind the big and small active phases.
X-ray observations
X-ray flickering in T CrB was discovered by Luna et al. (2008) , who reported variability on time scales of minutes. We discovered similar flickering in most of the RXTE observations. From the individual lightcurves it is clear that the amplitude of the flickering is larger in the hard band than in the soft band, where it is marginally detected (Fig. 6,A2 ). This is consistent with the hypothesis that the hard band traces variability of accretion through the boundary layer, where the flickering is expected to originate. Bruch (2015) discussed a time lag in the observations of flickering at different wavelengths in CVs on the basis of optical observations. The author discovered that in most systems the flares reach their maxima slightly earlier at shorter wavelengths. Our observations had too short a timebase for a meaningful cross-correlation analysis. At some epochs the flickering in the 5-10 keV range seems to be correlated with the flickering in 10-20 keV range within our time resolution. The best examples are observations at MJD 54490 and MJD 55163 with correlation coefficients between the 10-20 keV and 5-10 keV flux of r=0.83 and r=0.76, respectively. On the other hand, on MJD 54616 there was a flare in the 10-20 keV range which reached a maximum ∼12 min after the start of the observation and the corresponding flare in the 5-10 keV range reached its maximum ∼2 min later. On MJD 54407, a similar lag of ∼2 min was observed in a flare that reached maximum in the 10-20 keV range ∼42 min after the start of observation.
At other times the variations in the hard range are not correlated at all with the flickering in 5-10 keV range (see e.g. observations at MJD 54826). Most interestingly at some times the variations in the 5-10 keV range and the 10-20 keV range are anti-correlated. This can be seen e.g. between 30 and 35 min of observations at MJD 54913 (r=0.25) or in two brightenings at MJD 54616 (r=0.02) between 20 and 40 min. This suggests a change in the hardness ratio of the flickering rather than the total amplitude.
Overall the flickering seems to be most prominent in the hard band, but the hardness ratio of flares can change during the observing run. Some flares can have very hard spectra and are only observed in the 10-20 keV range (e.g. at MJD 54826 with r=0.27) and in some rare cases they can have softer spectra and are observed in the 2-10 keV range and not in the 10-20 keV range (see e.g. a flare in the first 5 min of observations at MJD 54995). This seems to be consistent with the fact that in the optical observations the source of the flickering has a different colour at different times (see e.g. tab 2 in Zamanov et al. 2015a) . Nevertheless, the source of the flickering in optical observations and in the X-rays could not be the same since in the optical the source typically has a temperature of ∼9000 K in symbiotic recurrent novae (Zamanov et al. 2015a) , which seems consistent with reprocessing in the surrounding H ii region.
We studied the total flux-flickering amplitude relation in the X-ray observations. For this we plotted an average count rate (FAV) versus the average amplitude of the flickering (FFL=Fmax-Fmin). We calculated the Pearson's correlation coefficient r and probability p for a hypothesis test whose null hypothesis is that the slope of the relation is zero. The calculated values are listed in Tab. 4 and the data together with the fit are shown in Fig. 9 . From the analysis it is clear that the correlation is present in the 5-10 keV and 10-20 keV range and absent or marginally present in the 2-5 keV range. The correlation is stronger in the 5-10 keV range rather than in the 10-20 keV range. We attribute this to the fact that the fit was carried out to data spanning over a larger range of FAV in the 5-10 keV range rather than in the 10-20 keV range. The best fit is obtained using data points from all of the spectral ranges simultaneously. This suggests that the total flux-flickering amplitude relation is the same over the whole spectral range. Since the count rate is proportional to the physical flux we can compare the slope of the fit to a similar fit in the optical range. The slope in the U band for the FAV-FFL relation is 0.156±0.042 for T CrB Zamanov et al. (2004) . Since the values for optical and Xray observations are not consistent this is another indication that the flickering in those two wavelength bands originates Figure 9 . The relation between brightness and flickering amplitude in the X-ray observations. The error is the mean error in count rate measure during one pointing of the telescope. The solid line is a linear fit to the data from a spectral range represented by the same colour. Black dashed is a linear fit to data points from all spectral ranges simultaneously. The colours are the same as in Fig. 3 . Table 4 . Quantities of the linear fit to the Fav-F fl relation in the X-ray observations. The combined fit is a simultaneous fit to data points from all of the spectral ranges. from a different place. However, we note that if the relation is logarithmic rather than linear, then the optical and X-ray observations may follow the same relation (Zamanov et al. 2016) There are only two observations of flickering in the optical range during the period covered by X-ray observations and unfortunately none of them were simultaneous with the X-ray observations. Zamanov et al. (2010) observed flickering at MJD 54851 and MJD 54889 with amplitudes in U 0.404 mag and 0.303 mag respectively, which are rather high for flickering outside of the big active phase in T CrB. These observations were taken close to the maximum of the hard X-ray emission, which seems to confirm that the hard X-ray and optical flickering are connected.
DISCUSSION
Active phases
Similar active phases to those observed in T CrB have been discovered in the other SyRN RS Oph (Gromadzki et al. 2008) . Namely, the authors observed brightenings of the system on time-scales of 1200-1800d with an amplitude of ∼1 mag. Gromadzki et al. (2008) pointed out that the behaviour of RS Oph outside of the nova outbursts resembles the classical Z And variability, which is thought to be a result of an instability in the accretion disc (Miko lajewska 2003; Sokoloski et al. 2006) . The active phases in T CrB and RS Oph could have the same origin as in the Z And type symbiotic systems with the difference that in the Z And type systems there is steady hydrogen burning on the surface of the WD.
If the active phases in T CrB and RS Oph are driven by the same mechanism as the multiple-outburst activity of Z And type SySt, similar time-scales should be expected. In fact, outbursts in many Z And type systems recur with quasi-periods of one to tens of years.
Namely, the major outburst in AG Dra occurs every 12-15 years, while minor outbursts are observed roughly once a year (Leedjärv et al. 2016) . Z And showed a timescale of ∼8400d of the outburst activity (Formiggini & Leibowitz 1994) and the interval between outbursts in BF Cyg is ∼6376d (Leibowitz & Formiggini 2006) . Given the differences between the systems these time-scales are in rough agreement with the ones in T CrB and RS Oph.
A useful comparison can also be made based on similar physical parameters of these systems. In the prototype star Z And, after assuming MWD ∼0.65M (Schmid & Schild 1997) , a hot component mass function of f(m)=0.0240M (Fekel et al. 2000) , an inclination of i=41
• (Isogai et al. 2010) , and orbital period of 759d (Fekel et al. 2000) , the radius of the Roche Lobe around the WD is ∼140R . Similarly, for T CrB, assuming MWD = 1.2M and MRG = 0.8M (Belczynski & Mikolajewska 1998; Stanishev et al. 2004) , and an orbital period of 227.67d (Lines et al. 1988) , the radius of the Roche Lobe around the WD is ∼80R . In the case of RS Oph, taking MWD = 1.3M , MRG = 0.74M , and an orbital period of 453.6d (Brandi et al. 2009 ), the radius of the Roche Lobe around the WD is ∼135R . The estimated mass transfer rate in T CrB is 2.5×10 −8 M /yr (Selvelli et al. 1992) , whereas in Z And the mass transfer rate varies between 4.5×10 −9 M /yr during quiescence (Fernandez-Castro et al. 1988 ) to 3.2×10 −7 M /yr during the active phase . Therefore, the mean mass transfer rates are of the same order of magnitude in both systems.
The ratio of Roche Lobe radii around the WDs in Z And and T CrB is ∼1.5. It is interesting to note that this value is similar to the ratio of ∼1.7 between time-scales of Z And outburst activity and big active phases in T CrB. On the other hand, the ratio of Roche Lobe radii around the WDs in RS Oph and T CrB is ∼1.7, which is similar to the ratio of ∼1.5 between time-scales of active phases in RS Oph and small active phases in T CrB. This is to be expected, because the time-scale of a disc instability scales with the size of the accretion disc, which in turn is proportional to the radius of the Roche Lobe around the WD. This is more consistent with the longer time-scale of outburst activity in Z And than the time-scale of active phases in T CrB.
Recently, disc instability in RS Oph has been modeled by Alexander et al. (2011) , who found recurring outbursts in the system on 10-20 yr time-scales, which is comparable to the time-scales of active phases actually observed in RS Oph and Z And (Gromadzki et al. 2008) . In some models alternating small and big outbursts take place. This could be associated with big and small active phases in T CrB. Anupama (1997) proposed a solar-type cycle resulting in a variable mass transfer as an explanation of the active phases in T CrB. In order to obtain solar-like cycles one must have a high magnetic field. In the case of T CrB this is probable since it is argued that in SySt the RG is more magnetically active than a single RG (Soker 2002) . In general, the hypothesis that the RG is a source of the observed activity is particularly interesting since variability with a time-scale of ∼1000d was observed in a single semi-regular variable WZ Cas (Lebzelter et al. 2005) .
Overall it seems to be clear that at least the big active phases are related to a change in mass transfer rate. Therefore it is important to determine the exact nature of the T CrB variability, especially since SySt are thought to be promising SNIa progenitors (Miko lajewska 2013).
Recently, Munari et al. (2016) have claimed that during 2015 T CrB displayed "super-active conditions never seen before". They have also suggested that this super-active state is a new form of activity and it is different from the active phases observed e.g. by Iijima (1990) . We argue that this is not true, and the activity observed by Munari et al. (2016) is just a new maximum of the big active phases (see Sec. 3.1) and similar activity has been observed in the past. Munari et al. (2016) based their claim on a large increase in emission line fluxes and optical magnitudes of the system. However, as the authors noted, it is difficult to study the history of emission line variability, since the observations are sparse and the authors rarely have given line fluxes. Here we expand the analysis of Munari et al. (2016) using EWs. From Fig. 1 one can see that variability of emission line fluxes is well represented by variability of EW(Hα). In particular, the Hα emission line flux, estimated on the spectrum from MJD 57447, is F(Hα)=4.5×10
−11 erg cm −2 s −1 , and the corresponding corresponding EW(Hα)=48.8. This is much higher than the maximum flux F(Hα)=3.9×10
−11 erg cm −2 s −1 observed by Munari et al. (2016) . Therefore we adopt EW(Hα)=48.8 as a maximum EW observed during the supposed super-active conditions.
During the past big active phases, the EW(Hα) varied from ∼5 to ∼40 (see fig. 4 in Stanishev et al. 2004) . Moreover, the maximum EW observed during the 1989 big active phase, EW(Hα)∼40, was bigger than that observed during the 1997 big active phase (EW(Hα)∼30). This shows that the amplitude of emission line variability changes, which is consistent with the quasi-periodic nature of the known phenomenon rather than a new form of activity. This is further supported by the photometric variability observations reported by Munari et al. (2016) with timescales and amplitudes consistent with previous big active phases (see fig. 4 in Stanishev et al. 2004 ).
Flickering
Since the flickering in T CrB is mainly observed in the hard X-rays, which are thought to originate in the accretion disc boundary layer, our study seems to confirm the model of flickering originating from an unstable mass transfer through the boundary layer. However, it seems that more than one mechanism is responsible for the observed variability. The events in which there is brightening in the 5-10 keV range and fading in the 10-20 keV range seem to indicate Compton cooling. Moreover, it is obvious that the flickering observed in the optical range is not the same as that observed in the X-rays since the optical colours of the flickering source in T CrB are consistent with a blackbody of ∼9000 K (Zamanov et al. 2015a ). Nevertheless, it seems that flickering in the hard X-rays is related to the optical flickering since the maximum in hard X-rays was observed close to the maximum of the optical ∼1000d active phase, and for both wavelengths the amplitude of the flickering-mean flux relation holds. Our results seem to be best reproduced by a model proposed by Scaringi (2014) in which the flickering observed in the visible range comes from X-ray reprocessing by a geometrically thick disc. This model provides a natural explanation for the difference between the flickering source colours in SySt and classical CVs (Zamanov et al. 2015a ) as the accretion disc in SySt is thought to be bigger than in CVs. Reprocessing of the X-ray radiation by the nebula is in principle not excluded, but reprocessing by a thick accretion disc seems likely since the UV to IR SED of the system was successfully modelled by Stanishev et al. (2004) using a model containing an optically thick accretion disc. On the other hand, reprocessing of the radiation by a nebula would be consistent with flickering observed in emission lines of SySt (Zamanov et al. 2005; Worters & Rushton 2014) .
SUMMARY
We analysed optical, UV and X-ray observations of active phases and flickering in T CrB. The main results of our work include:
• We found that there are big and small active phases of the hot component. Big active phases occur with a period of ∼5000d, while small active phases occur with a period of ∼1000d during a quiescence of the big active phases.
• Variability in the soft part and hard part of the X-ray spectrum of T CrB is not correlated. Variability in the soft band is consistent with a variable amount of absorbing material in the line of sight. Variability of the hard part of the spectrum most probably traces variable accretion through the boundary layer. Variability in both spectral ranges is not correlated with orbital phase, but seems to be correlated with active phases seen in the optical.
• The flickering seems to be present only in the hard Xray component. The flickering in this spectral range follows a similar mean flux-amplitude of the flickering relation as the one observed in the optical.
• The different behaviour of flickering in X-rays observed at different times seems to point at more than one physical process behind flickering. The most likely scenario suggested by our observations is formation of the flickering in the boundary layer, which is then reprocessed from X-rays to the visible light by the thick accretion disc or a nebula around the system.
• Time-scale of active phases in T CrB is similar to time intervals between outbursts in Z And type SySt. This suggests that the mechanism driving the activity in these systems is the same, presumably unstable disc accretion.
To understand the nature of the system further it would be most beneficial to acquire simultaneous X-ray, UV and optical observations of the flickering behaviour. This would help connect the X-ray and optical flickering. Moreover, the long-term X-ray monitoring would help to understand the X-ray behaviour of the system during the active phases which would lead to understanding the nature of the mass transfer variability in the system. This, in turn, could help understand the variability of Z And type systems. 
